HYDRAULICS    OF  RIVER  FLOW 


UNDER   ARCH   BRIDGES 


0i?1361 


Pinal  Report 


HYDRAULICS  OF  RIVER  FLOT;*  UMDER  ARCH  BRIDGES 


?ol„  II 


J,  V,7.  Delleur 
Professor  of  Hydraulic  Engineering 

Joint  Kig'T.my  Research  Project 

Projects     KP3«a~l(36) 

File;     9-8-2 


Prepared  as  Part  of  an  Investigation 

Conducted  by 

Joint  Highway  Research  Project 
Engineering  Experiment  Station 
Purdue  University 

in  cooperation  with 

Indiana  State  Highway  Commission 

and  the 

Bureau  of  Public  Roads 
U  S  Department  of  CcsBiisr^e 


lot  Released  for  Publication 
Subject  to  Change 


Purdue  University 

Lafayette.,  Indiana 
•June..  19  s   1964 


Not  Reviewed  by 

Indiana  State  Highway  Commission 
or  the 
Bureau  of  Public  Roads 


LIST  0?  FIGURES 

Description  Page  No, 

Definition  Sketch  1 

Line  Surface  Profile  Near  Submerged  Constrict:  2 

Plan  ?iew  of  Flow  Through  a  Submerged  (  3 

aea  of  Flow  in  Sudden  Contractions  in 

Channels  4 

Ekpirical  Relationship  to  Die  Free 

Surface  Flow  and  Orifice  Flew  5 

rJLtion  Sketch  for  Analysis  of  Expaj       ow  6 

Graphical  Solution  of  7 

Detail  of  Graphical  Soluti  c  a 

Constriction  8 

Geometric  Properties  of  Semi-Circular  a      alar 

Ssgoient  Arches  9 

Limiting  Backwater-Boundary  Between  Flows  of  Classes 

I  &  II  Semi-Circular  and  Circular  Segment  Arches  10 

.tion  Sketch  for  t  sni 

Definition  Sketch  for  Orif:         J  12 

Definition  Sketch  for  the  Development  of  the  Con- 
traction Ratio  13 

Correction  Factor  for  the  Channel  Opening  Ratio  14 

£  tion  Sketches  of  Test  Geometries  15 

Preliminary  Flume  16 
■'■:.   of  Channel  Constriction             e  Profile  I? 

Three  Dimensional  Models  for  Preliminary  Studies  18 

Small  Flume  with  Artificial  Roughness  In3talleda  and 

Mechanical  and  Electrical  Gages  19 

Semicircular  Weir  Tests  20 

Horizontal  Distance  in  Direction  of  F]  21 

Semicircular  Arch  Bridge  Model  Tests  22 

Plow  in  Rectangular  Channels  with  Semi-Circular  Con- 
strictions -  Comparison  of  Two  and  Three  Dia ensional 


ii 


Description  Page  No, 

Variation  of  the  Backwater  Ratio  for  Segment  Arches  - 

Small  Flume  -  Rough  Boundaries  24 

5-1  Flume  Construction  25 

5-2  Jack  Detail  26 

5-3  Tail  Gate  26 

5-4  General  Layout  of  Testing  Facility  27 

5=5  Plan  View  of  Jacks  and  Gears  28 

5~6  Calibration  Curve  for  6"  Venturimeter  29 

5-7  Calibration  Curve  for  Three-Inch  Venturt  30 

5-8  Top  View  of  Instrument  Carriage  31 

5-9  Point  Gage  and  Prandtl  Tube  31 

5-10  Velocity  Transducer  System  32 

5-11  Calibration  Apparatus  for  Velocity  Transducer  System  33 

5-12  Typical  Calibration  Curves  for  Probe  34 

5-13  f  -  Re  Relation  for  Normal  Depth  Tests  35 

5-14  Testing  Flume  with  Artificial  Roughness  36 

5-15  Effect  of  Bars  on  Velocity  37 

5-16  Variation  of  Resistance  Function  with  Relative 

Roughness  yi^/a  3& 

5-17  Variation  of  Resistance  Function  with  Relative 

Roughness  ynA  39 

5-18  Disaensionless  Velocity  Profile  40 

5=19  General  Resistance  Diagram  for  Uniform  Flow  in  Open 

Channels  (Sayre)  41 

6-1  Tests  Selection  Curve  -  Large  Flume  -  Smooth  Boundaries  42 

i  6-2  Tests  Selection  Curve  -  Large  Flume-  Rough  Boundaries    43 

6-3  Program  Flow  Chart  for  Data  Analysis  44 

6-4  -  6-10        Four  Variables  Graphical  Multiple  Correlation  45 

7-1-1  Superelevation  vs0  Kineticity  46 


Digitized  by  the  Internet  Archive 

in  2011  with  funding  from 

LYRASIS  members  and  Sloan  Foundation;  Indiana  Department  of  Transportation 


http://www.archive.org/details/hydraulicsofrive64112dell 


iii 

Description  Page  No„ 

Discharge  Coefficient  vs0  Kineticity  47 

Firction  Factor  vs0  Reynolds  Number  48 

Friction  Factor  vs0  Reynolds  dumber  49 

Backwater  Ratio  vs0   Contraction  Ratio  50 

Backwater  Ratio  vs0  Channel  Opening  Ratio  L/b  ■  0 
Semi-circ  Smooth  Channel  51 

Discharge  Coef  0  V3o  Channel  Opening  Ratio  L/b  «  0 
Semi-circo  Smooth  Channel  51 

Backwater  Ratio  for  Geometry  Ia^  Smooth  Boundary 

i  «  OoO  52 

b 

Head  Loss  Coefficient,  Geometry  Ia  Smooth  Boundary 

k  -  OoO  53 

Backwater  Ratio  Coefficient^  Georaetry  Ia8  Smooth 

Boundary  i  a  qo0  54 

b 

Backwater  Ratio  vs.  Channel  Opening  Ratio  L/b  »  0 
Semi-circo  Rough  Channel  yi/yn  ^  1<>50  55 

Backwater  Ratio  vs0  Channel  Opening  Ratio  L/b  "  0 
Semi-circ0  Rough  Channel  1<>50£  yi/yn  4  2„50  56 

Discharge  Coef0  vs6  Channel  Opening  Ratio  L/b  *»  0  Semi~ 
circ.  Rough  Channel  57 

Length  to  Maximum  Backwater  58 

Length  of  Surface  Profile  Between  yl  &  y%  5% 

Correlation  Curve  of  F3  59 

Comparison  Between  Backwater  Ratios  in  Smooth  and 

Rough  Channels        .  60 

Comparison  of  C<jtb  Fn  for  the  Two  Roughness  Conditions 

M  »  0o7  60 

Comparison  Between  Backwater  Ratios  for  Bridge 

Lengths  -  Rough  Channel  61 

Comparison  Between  Discharge  Coefficients  for 

Bridge  Lengths  -  Rough  Channel  •  M"  -  0,7  61 

Surface  Topography  Q  ■  1  cfss  S  »  0o000534s  M  -  0o5, 

L/b  -  0  62 

Velocity  Profiles  at  Maximum  Backwater  Q  "  1  CFS, 

S  -  0.000564s  M  -  Oo  5*  L/b  -  0  63 


Description 

Isovel  Diagrams  in  FPS  Q  »  1  CF3a.  S  »  0*0005$ 
M  -  0o5s  L/b  «  0 

Generalized  Backwater  Ratio  65 

Backwater  Ratio  for  Geometry  la.  Rough  Bout 

L  .  ~  66 

?   •  0,0 

o 

Backwater  Ratio  for  Geometry  lb,  Rou  - 

L 

-  -  0o5 

b 

L 
Backwatei*  Ratio  for  Geometry  It  68 

Summary  of  Backwater  R 

aries  69 

Head  Loss  Coefficient,  Gee 

J  -  0  •  70 

B 

Head  Loss  Coefficient,  Geomatr  -  >:q  5  ,r. 

t 

Las  3   Coefficient  Geometry 

Summary  of  Head  Los?  ,ough 

Boundary  73 

-19  Soefficientj,  Geometry 

L 
£  "  OoCO  72, 

-20  Backwater  Ratio  Coefficient,  Geometry  Ib5       c  undary 

£«0„5  ?5 

-21  3ac k      atio  Goefficies       jtry  lb.        undary 

5  =  1.0  76 

Measured.  Water  Surface  Profiles  Along      aiterline 

for  Three  Dimensional  Dual  Parallel  Arch  Bridge  Models   77 

Backwater  Ratio  for  Dual  Parallel  Bridges  Fn=OolO  and 
0ol5  78 

Bacicwater  Ratio  for  Dual  Parallel  Bridges  Fn"Oo20  79 

Backwater  Ratio  for  Dual  Parallel  Bridges  Fn°O025  30 

Backwater  Ratio  for  Dual  Parallel  Bridges  :.,rQ<-30  B3 

Backwater  Ratio  for  Dual  Parallel  Bridges  FnK)„2j.O  82 


Figo  Description  Page  Nc 

7-3-6            Backwater  Ratio  for  Dual  Parallel  Bridges  83 

7-3-7            Generalised  Backwater  Ratio  for  Dual  Parallel  Bridges  84 

7-3-3            Backwater  Ratio,  Geometry  II  Rough  Boundary  .t£*E  =0o00  85 

An2 

fe-3-S  Backwater  Ratio  for  Geometry  II  Rough  Bound-:-- 

0^47.5  86 

7-3-10           Backwater  Ratio,  Geometry  II  Rough  Boundary  ^S^=37o5--15  87 

7-3-11            Backwater  Ratio,  Geometry  II  Rough  Bound?;:       >~25  88 

%i2 

7-3-12           Backwater  Ratio-4  Geometry  II  Rough  Boundary  ~%*25-30  89 

7-3-13           Summary  of  Backwater  Ratio,  Geometry  II  Rough  Boundary  90 

!ary 

7-3-14  Head  Loss  Coefficient,  Geometry  II  Rough  Boundaiy 

^  =>  0o00  Q, 

An2  91 

7-3-15  Head  L033  Coefficient,  Geometry  II  Rough  3c<,\ 

T£>0£7.5  92 

7-3-16  Head  Loss  Coefficient,  Geometry  II  Rough  Bour 

T^T  ~  7.5  -  15  93 

7-3-17  Head  Loss  Coefficient,  Geometry  II  Rough  Bou_ 

£1-15-25  Q, 

^•n2  94 

7-3-18  Head  Less  Coefficient*  Geometry  II  Rough  Boundary 

l  =  2^-30  95 

7-3-19  Summary  of  Mead  Loss  Coefficients,  Geometry  IIj,  Rough 

Boundaries  j'6 

7-3-20           Backwater  Ratio  Coefficient  Geometry  12!  Rough  Boundary  97 

7-4=1            Backwater  Ratio  for  Arch  Bridges  with  Wingwalls  <j>t  »  30°  98 

7-4-2            Backwater  Ratio  for  Arch  Bridges  with  Wingwalls  ^«  45°  99 

7-4-3            Backwater  Ratio  for  Arch  Bridges  with  Wingwalls  <$,«*  60°  100 

7-4-  Backwater  Ratio  for  Arch  Bridges  with  Wingwalls 

$f*>   90°  101 

7-4-5            Backwater  Ratio  for  Arch  Bridges  with  Wingwalls  102 


Description  Page  FJo„ 

Generalized  Backwater  Ratio  for  Arch  Bridges 

with  Wingwalls  103 

Backwater  Ratio£  Geometry  III  Rough  Boundary  d>  r^O0  104 

Backwater  Ratio5  Geometry  III  Rough  Boundary  A  i*=450  105 

Backwater  Ratio,  Geometry  III  Rough  Boundary  ^^60°  106 

Backwater  Ratio 5  Geometry  III  Rough  Boundary  <^  3 --900  107 

Summary  of  Backwater  Ratio,  Geometry  T.  ;h  Bound"  10(3 

ary 

Head  Loss  Coefficient^  Geometry  III  Roi       iary 
^30°  10? 

Head  Loss  Coefficient  Geometry  III  Rev       iary 
^45° 

loss  Ooefficie-ut,  Geometry  III  Rough  Bouada^y 
<^1=60°  111 

Head  Loss  Coefficient^  Geometry  III  Rough  Boundary 
^1«90°  112 

Summary  of  Head  Loss  Coefficients  Geometry 

Rough  Boundaries  115 

Backwater  Ratio  Coefficient;,  'Geometry  J.II,:  Rough 

Boundary  ^  i<=30°  114 

Backwater  Ratio  Coefficient.,  Geometry  11 

Boundary  fi  i=45°  115 

Backwater  Ratio  Coefficient,,  Geometry  III£  Rough 

Boundary  $  ^60°  116 

Backwater  Ratio  Coefficients  Geometry  II1S  Rough 

Boundary  ^1=90°  117 

Backwater  Ratio  for  Eccentric  ;"rch  Bridges  e=0  118 

Backwater  Ratio  for  Eccentric  Arch  Bridges  e^oSt)  119 

Backwater  Ratio  for  Eccentric  Arch  Bridges  <& *<,&?  120 

Backwater  Ratio  for  Eccentric  ^reh  Bridges  sp-o90  121 

Backwater  Ratio  for  Eccentric  Arch  Bridges  e«395  122 

Backwater  Ratio  for  Eccentric  Arch  Bridges  e^loOO  123 

Generalised  Backwater  Ratio  for  Eccentric  Arch  Bridge   124 

Backwater  Ratio,  Geometry  IV  Rough  Boundary  ©"OoO  125 


vii 

Description  Page  No0 

Backwater  Ratio3  Geometry  IV  Rough  Boundary  e=008  126 

Backwater  Ratio,  Geometry  I?  Rough  Boundary  e=0oS5  127 

Backwater  Ratio-  Geometry  IV  Rough  Boundary  e009  128 

Backwater  Ratio,  Geometry  IV  Rough  Boundary  &009^  129 

Eackwater  Ratio,,  Geometry  IV  Rough  Boundary  e^IcO  130 

Summary  of  Backwater  Ratio  Geometry  IV  Rough  Boundary   132 

Head  Loss  Coefficient,  Geometry  IV  Rough  Boundary 

e=OeO  132 

Head  Loss  Coefficients,  Geometry  17  Rough  Boundary 
6^0,3 

Head  Loss  Coefficient.  Geometry  IV  Rough  Bound; 

e=0o35  134. 

Loss  Coefficient,  Geometry  IV  Rough  Boundary 
e=0o9  135 

Head  Loss  Coefficient,  Geo.--.etry  IV  Rough  V 

e«0,95  3-36 

Head  Loss  Coefficient,  Geometry  IV  Rough  Bounds 

e»ioO  137 

ry  of  Head  Loss  Coefficients  Geometry  17 
Roirn  Boundary  138 

Backwater  Ratio  Coefficient,  Geometry  IV  Rough 

Boundary  e^O  139 

Backwater  Ratio  Coefficient,  Geometry  IV  Re 

Boundary  e=0o8  140 

Backwater  Ratio  Coefficient  Geometry  IV  Rough 

Boundary  e^Oc-85  141 

Backwater  Ratio  Coefficient.,  Geometry  IV  Rough 

Boundary  e=0o9  142 

Backwater  Ratio  Coefficient 9   Geometry  IV  Rough 

Boundary  e=0095  143 

Backwater  Ratio  Coefficient  Geometry  IV  Rough 

Boundary  6=1 00  ~<1A 


Backwater  Ratio  for  Skew  Arch  Bridges^30  0°  145 

Backwater  Ratio  for  Skew  Arch  Bridges  (fi2  —  15°        146 


viii 

Description  Page  Ho0 

Backwater  Ratio  for  Skew  Arch  Bridges  <^.ra  30°         147 
Backwater  Ratio  for  Skev;  Arch  Eridges  (L*~  iftB 

Backwater  Ratio  for  Skew  Arch  Bridge  149 

Generalised  Backwater  Ratio  for  Skew  150 

Backwater  Ratio,  Geometry  Va^  Rough  Boundary-  ^"OoOO    151 
Backwater  Ratio,  Geometry  Va,  Rough  Bour 
Backwater  Ratio,  Geometry  V:  30° 

iter  Ratio,  Geometry  Va,  Rough  Bcv 
Summary  of  Backwater  ?y  Va  Re. 

Head  Loss  Coefficient  Geometry  Va,  Rough  Bo 

Head  L033  Coefficient  Geometry  Va,  R 
^2=15° 

Head  Loss  Coefficients  Geometry  Va,  Rough  Boundary 

:;S3  Coeffici 
f>T~<  159 

Summary  of  Head  Loss  C 

Rough  Boundaries  160 

Backwater  Ratio  Coefficient,  Ge 

Boundary  <Pg=O<>0  161 

Backwater  Ratio  Coefficient,  Geometry  Va  Re 

Boundary  ffi  2»15°  162 

Backwater  Ratio  Coefficient.  Geometry  Va 

Boundary^2so30°  163 

•20  Be.       iatio  Coefficient.  gh 

Boundary  <f)  2ra450  16ft. 

Baclcwater  Ratio,  Geometry  Vb,  Rough  Boundary  02*15°  165 

Backwater  Ratio,  Geometry  Vb,  Rough  Boundary  ^2*3°°    166 

Summary  of  Backwater  Ratio,  Geometry  Vb,  Rough  Boundary  16? 

Backwater  Ratio,  Geometry  VI.  168 

Head  Loss  Coefficient,  Geometry  VI,  Roug]  169 


Description  Pege  Mo. 

Backwater  Ratio  Coefficient^  Geometry  VI 

Rough  Boundary   /  170 

Backwater  Ratio,  Geometry  VII  Rough  Boundary  f  "Oo00    171 

Backwater  Ratio,  Geometry  Vt!l   Rough  Boundary  ^83003    172 

Backwater  Ratio,  Geometry  VII  Rough  Boundary  '  173 

Summary  of  Backwater  Ratio,  Geometry  VH,  Rough 
Boundaries  174 

Head  Loss  Coefficient,  Geometry  VII  Rough 

Boundary,  6    -0000  175 

Head  Loss  Coefficient,  Geometry  VII,  Rough  Boun 

p   "Oo3  176 

Head  L033  Coefficient,  Geometry  VII.  Re 
f>  -Co  5  177 

Summary  of  Head  Loss  Coefficient,  Geometry 

Rough  Boundary  178 

Backwater  Ratio  Coefficient,  Geometry  VII  Rough 

Boundary  P   =Oe0  179 

Backwater  Ilatio  Coefficient 
Boundary  *P  °0o3 

Backwater  Ratio  Coefficient P   Geometry  VII  Re 

Boundary ■$   <=0o5  181 

Coefficients  of  Velocity,  Contraction  &  Discharge 
Submerged  Inlet  but  Unsuhmarged  Discharge  182 

Isovelocity  Curves  at  Vena  Contracta  183 

Isovelocity  Curves  for  Cross  Section  at  Vc       !     184 

Velocity  Distribution  at  Vena  Contracta  185 

Generalized  Baclcwater  Ratio  for  Submerged  Inlet 

Geometry  la  186 

Discharge  Coefficient  vs0  Channel  Opening  Ratio, 

Smooth  Boundaries,  Geometry  la  187 

Discharge  Coefficient  for  Free  &  Submerged  Discharge 

&  Partly  Submerged  Jet,  Geometry  la  188 


Boundaries  189 


X 

Description  Page  No0 

Dimensionless  Curves  for  Geometries  la  and  lb 

Rough  Boundaries  190 

Spiral  Motion  in  Barrel  Section  Downstream  of  Vena 
Contracta  192, 

Typical  Flow  Condition  through  Constriction  191 

Slug  Plow  at  Barrel  Exit  192 

Free  Discharge  Jet  192 

Comparison  of  Diruensionless  Curves  for  Geo 

for  Smooth  and  Rough  Bounds  193 

Dimensionles3  Curves  for  C  194 

Dimensionless  Curves  as 

Parameter,  Rough        33  .195 

Dimensionless  Curves  for  Geometry  VII       undaries  196 

Head  Loss  Coefficient  for 

|  «  0o0  197 

Head  Loss  Coefficient  for  Geometry  lb  Ssio 
Boundaries,  L  .  Q^  19g 

b 

Head  Loss  Coefficient  for  Gear       Smooth 
Boundaries,  L,^  jo  1O0 

b 

Head  Los3  Coefficient  for  Geometry  lb  £ 

Boundaries^  L  „  qc7$  200 


Head  Loss  Coefficient  for  Geometry  lb,  £ 

Boundaries,  |  m  ^  ^ 

Summary  of  Head  Loss  Coefficient  Curves  for  Geometries 

la,  &  lb.  Smooth  Boundaries  202 

Head  Less  Coefficient  Curves  for  Geometries ,  la  &  Ib§ 
Rough  Boundaries  203 

Head  Loss  Coefficient  Curve  for  Geometry  Vb-  Rough 
Boundaries  204 

Head  Loss  Coefficient  Curve  for  Geometry  71 ,  Rough 
Boundaries  205 


xi 

Description  Page  Noc 

Head  Loss  Coefficient  Curves  for  Geometry  VII „ 

Rough  Boundaries  206 

Generalized  Backwater  Ratio  Geometry  la,  Smooth 
Boundaries,  Lbqq  207 

b 

Generalized  Backwater  Ratio  Geometry  lb,  Smooth 
Boundaries,  L.  .  ^  ^ 

Generalized  Backwater  Ratio  Geometry  lb.  Smooth 
Boundaries,  L 

b  "  °«50  209 

Generalized  Backwater  Ratio  Geometry  lb,  Smooth 
Boundaries,  £  .^^  ^ 

Generalized  Backwater  Ratio  Geometry  lb,  Smooth 

Boundaries,  L   ,  _  „_ 

'  -g  »  1.0  211 

Sucsnary  of  Backwater  Ratio  Curves  for  Geometries 

la  and  *Ib,  Smooth  Boundaries  212 

Generalized  Backwater  Ratio  Geometries  la  and  lb, 

Rough  Boundaries  213 

Generalized  Backwater  Ratio  Geometry  Vb,  Rough 

Boundaries  214 

Generalized  Backwater  Ratio  Geometry  VI,  Rough 

Boundaries  215 

Generalized  Backwater  Ratio  Geometry  VII,  Rough 

Boundaries  216 

Olney  Street  Bridge,  Indianapolis,  Plan  View  217 

Olney  Street  Bridge,  Indianapolis,  Upstream  Face       218 

Olney  Street  Bridge,  Indianapolis,  Downstream  Side     219 

Olney  Street  Bridge,  Indianapolis,  Natural  Cross- 
Section  Upstream  220 

Olney  Street  Bridge,  Indiannpolis,  Natural  Cross- 
Section  Downstream  221 

Bridge  Number  2A,  Olney  Street  and  Pogue°s  Run        Appen- 
Topographic  Map  dix 

Brookside  Bridge,  Indianapolis,  Plan  View  222 

Brookside  Park  Bridge,  Indianapolis,  Upstream  Face     223 


Description  Page  ?Jo0 

Brookside  Park  Bridge9  Indianapolis ,  Downstream 

Side  224 

Brookside  Park  Bridge,  Ind  oss- 

iJection  Upstream  225 

Brookside  Park  Bridge,  In  ral 

tion  Downsti 

Jefferson  Street  ew       227 

ge9  Indianapolis. 

223 

Jefferscn  Sorest  Bridge.  .  aliss  Do 

229 

Jef  fe 

Cross-Section,  Downstream  230 

erson  Street  Bridge,  aral 

-Section  Upstream  231 

po~  Appen- 

graphic  I  dix 

SoutI  anapolis.   Plan  View         232 

tream 
Face  233 

>olis.  Downstream 

234 

South  Belmont  Street  Brid  lural 

Crcss*«Seetion  Upst  235 

mont  Street  Bridge 3  I  ;ural 

Cross-Section  236 

.  Little  E 
Creek  dix 

State  RoadS30  Bridge,  Indianapolis,  Plan  Viev         23? 

State  Road  3JK>  Bridge^  Indianapolis,  Upstream  Face     236 

State  Road  100  Bridge,  Indianapolis,  Downstream  Side    239 

State  Road  100  Bridge,,  Indianapolis,  Natural  Cross 

on  Upstream  240 

:;       d  100  Bridge.,  Indianapolis,  Natural  Cross- 
Sectic       *ean  243 

"5-6  ;reek     Appsa~ 

Topographic  Map 


xiii 
Description  Page  Noc 

Villa  Street  Bridge,  Indianapolis,  Plan  View  242 

Villa  Street  Bridge,  Indianapolis!,  Upstream  Face  243 

Villa  Street  Bridge,  Indianapolis,  Downstream  Side  244 

Villa  Street  Bridge,  Indianapolis^  Natural  Cross- 

Section  Upstream  245 

Villa  Street  Bridge,  Indianapolis,  Natural  Cross- 
Section,  Downstream  246 

Bridge  Number  15A9  Pleasant  Run  to  Villa,  Topographic  A pp en- 
Map  dix 

Linden  Street  Bridge,  Indianapolis P  Plan  View  247 

Linden  Street  Bridge,  Indianapolis,  Upstream  Face  248 

Linden  Street,  Bridge,  Indianapolis,,  Downstream  Side  249 

Linden  Street  Bridge,  Indianapolis,  Natural 

Section  250 

Linden  Street  Bridge,  Indianapolis,  Natural  Gross- 
Section  Downstream  251 

Birdge  Number  15B,  Pleasant  Run  and  Linden,  Tope—  Appen- 

graphie  Map  dix 

East  Jefferson  Street  Bridge,  Franklin,  Plan  View  252 

East  Jefferson  Street  Bridge,  Franklin,  Upstream  Face  253 

East  Jefferson  Street.  Bridge,  Franklin,  Downstream  Side  254 

East  Jefferson  Street  Bridge,  Frankiir       1  Cross- 
Section  Upstream  255 

East  Jefferson  Street  Bridge,  Franklin,  Natural  Cross- 
Section,  Downstream  256 

Bridge  Number  51,  Ear*  Jefferson  and  HurricanaCreek  Appen- 

Topographic  Map  dix 

County  Road  Bridge8  Plainfield,  Plan  View  257 

County  Road  Bridge,  Plainfield,  Upstream  Face  258 

County  Road  Bridge,  Plainfield,  Downstream  Side  259 

County  Road  Bridge,  Plainfield,  Natural  Cross-Section 

Upstream  260 

County  Road  Bridge,  Plainf ields  Natural  Cr : 

Section  Downstream  261 


xiv 

Flg„                 Description  Page  No0 

9-9-6            Bridge  Number  59A,  Plainfield-White  Lick  Creek  and  Appen- 

267*  Topographic  Map  dix 

9-10-1           Dean  Road  Bridge,  Indianapolis,  Plan  View  262 

9-10=2           Dean  Road  Bridge s   Indianapolis B   Upstream  Face  263 

9-10-3           Dean  Road  Bridge,  Indianapolis ,  Downstream  Side  264 

9-10-4  Dean  Road  Bridge,  Indianapolis,  Natural  Cress-Section 

Upstream  265 

9-10-5  Dean  Road  Bridge,  Indianapolis,  Natural  Cros3-Section 

Downstream  266 

9-10-6           Bridge  Number  66A,  Dean  Road  to  Howland  Ditchg  Appen- 

Topographic  Map  dix 

9-11=1           Relation  of  Maximum  Backwater  Effect  to  Velocity- 
Head  267 

9-11=2           Generalized  Backwater  Ratio  268 


1  I r~ 


Q 


)     Deadwater 

b 


Jet 


A.)     PLAN 


B)      MILD      SLOPE     CHANNEL 


C)      WEIR       PLATES 


FIGURE      3-1  DEFINITION       SKETCH 


OJ 


O 


Ui 

c 
o 

(J 


<D 
C7> 

v. 
CD 

E 
t/) 


o 

<0 


o 


CD 
O 
O 

V. 


<D 

C 
<D 
(J 


C> 


en 
c 
o 
U 


\ 


< 


\ •>  >  >  >  >  >  >  i  >  i  •  >    -■ 


0) 

cn 

CD 

E 

-O 

CO 


o 


CD 


5 
> 


c 
D 

Q_ 


i 


O 


10 

1 

1 

1 

1 

1 

1 

/ 

1 

1  1 

1 

l_ 

8 
6 

/ 

- 

/           \ 

4 

£^ 

0^4^- 

Supercritical 

v_93^<^ 

2 

in    Constriction   » 

C.o^^' 

1.0 

I] 

:i~~" 

IT 
i 

Sub 

Co 

critical     in 
nstriction 

Supercritical 

at     Section     I 

ii 

\ 

1 

0.8 

II 

y 

X[<V*^~—~ 

I 

Subcntical 

0.6 

,fO^\ 

at    Section    I 

- 

■"^aSN  1 

- 

0  4 

■^oT 

fcTi^ 

"o.b* 

M 

0.2 

^""l 

*tm0t 

\\ 

S 

\\ 

0  1 

'              1 

1 

1 

1  1 

1 

1 

1 

1 

1 

0.1  0.2  0.4  0.6       0.8      1.0  2  4  ( 

V\ 

FIGURE    3-4  -   CLASSES      OF     FLOW      IN  SUDDEN 

CONTRACTIONS     IN     OPEN  CHANNELS 


8       1.0 


\              u 
\            <J 

r^  u»  < 
\       m    u. 
\     <r   n: 

u 
o 

s 

o 

I 

\ 

\ 

:A 


5    5 


00 
CO 


V 

_l 

< 

2 

< 

tr 

o 

U_ 

£ 

T 

o 

O 

_i 

H 

Li_ 

LU 

2 

Q 

-z. 

-z. 

o 

< 

H 

Q_ 
X 

^ 

LU 

u_ 

LU 

U_ 

Q 

O 

1 

ro 

LU 

or 

CD 


1 

i 

1 

1 

i 

I 

i 

1 

CD 
\ 

N 

- 

- 

Specific     Force—/// 
Curves           /// 

4.0                   flffl 

- 

1   »           ° 

o 

ID 

O 
m 

° 
1  « 

q 

•3     /   , 

o 

- 

O* 

0) 

<=      in 
UJ       0) 

> 

<->     a 
±:    o 
o 

QJ 
CL 
</) 

1 

*H 

i 

o 

' 

- 

L^: 

- 

- 

^^ 

i 

**   \           \ 

i?\     \ 

\ 

x> 

X 

^ 

1 
1 
* 

- 

-      i 

1 

1 

i  -h 

i 

i 

1 

1 

2  2 

1 

2 

6 

3 
1 

0                         3 

1 

4 

1 

3 

8                            4 

2 

4 

S                          5  0 
1 

Es/yc 
1 

5   0 

- 

# 

// 

/ 

- 

4  ti 

4  6 

- 

- 

SPECIFIC 

FORCE    CURVES 

- 

4  4 

SPECIFIC 

4   2 

ENERGY     CURVES 

4  069 

—  - 

—  ' 

H A  / 

- 

4   0 

—    3  880 

w 

hi 

- 

3  8 

/ 

3720 

f 

.  .  

/ —  / 

- 

3.6 

o 

/°/o/  / 

/77°/ 

/  /  /°i 

/  /  /•>/ 

34 
3.2 

"       /, 

/// 

0      / 

o/                / 

V                        / 

/              °/ 

o  / 

o/ 

- 

/// 

1  1 

/  / 

_ 

/// 

/  / 

- 

3  0 

1 

i 

i 

1 

1 

1 

1 

i 

r  B  yc2 

FIGURE    3-8-    DETAIL     OF      GRAPHICAL      SOLUTION       OF      BACKWATER      DUE     TO      A       CONSTRICTION 


fj 

V- 

|s*— * 

r> 

"v. 

# 

■o 

o 

O 

O 

^CD 

c 

T 

If) 

O 

o 

O 

O 

o 

\   \ 

1  * 

\    \ 

\     \ 

V 

\              ° 

6 

I                   *"* 

o 

Ul 

r 

^       1 

H'          ^ 

*" 

o 

V  "^ 

\x> 

/\CD 

— ►A  ~ 

\P 

/      V   N 

rO 

\  ° 

X  o 

O 

/              \ 
/                \ 

/                 \ 

\o 

s 

I 

N. 

CJ 

I  ° 

\    o 

" 

O 

o\ 

* 

.Q 

\ 

o 

m       , 

^r 

rO 

C\J      \ 

c\j               <fr 

10                  CO                  0                | 

o 

O 

o 

O 

o       b 

«o 

o 

O                 O 

6            o             -        *|-° 

*l- 

o 

i 

t\j 

i 
i 

<V/ 

6 

y 

°/ 

// 

O    ° 

«o  / 
°/ 

A 

/  1 

1     / 

o/ 

V 

/ /     1 

" 

| 

.O 

* 

7 

6 

\, 

•I 

l\ 

| 

I 

6 

t 

I 

1 l"° 

1 

/ 

nI 

o 

to 

ci 

°l 

1 

I  i 

■a 

O 

/ 

/ 

l\ 

i  / 

! 

"D 

S; 

1    1 
/     | 





---*H 

— 

-- 

\l 

/ 

CO 

" 

6 

•° 

~s      | 

"°  J- 

-  f 

en 

O 

1  // 

f 

o 

1 

H 

f- 

N 

4- 

JD 

i=> 

CO 

UJ 

X 

o 
cr 
< 


UJ 

<s> 

Ul 
CO 

tr 
< 

_i 

3 
O 

cr 
o 


o 
< 


cr 
< 

CJ> 

cr 

o 
I 

i 

Ul 
CO 


u. 
o 


CO 
UJ 

I- 
cr 
ui 

Q_ 

o 
cr 
a. 


o 
cr 

i- 
ui 

O 
Ul 

e> 

I 

CT> 

ro 

ui 
cr 


10 


-o|cD 

\ 

fe 

x 

\3 

1 

\ 

\  I 

_       \- 

u 

fe 

\\ 

1      " 

\   \ 

UJ  o 
<  a. 
^  z 
or 
0-    z 

/ 

■o|(D 

U, 

\ 

6 

1  # 

c>^ 

°\ 

\ 

li 

'b 

o 

k  \ 

-1     DC 

<l     h- 

£  z 

&"\ 

=>   z 

H 
H 

(C 


CO 
Ul 

en 

CO 

< 

_i 
o 


CO 
UJ 

X 

o 
cc 
< 


UJ  z 

Ul  UJ 

I-  e> 

ui  Ul 

CD  en 

>- 


rr 

o: 

<T 

< 

n 

_i 

?■ 

_j 

-> 

o 

o 

Ul 

CD 

o 

i 

n 

tr 

z 

Ul 

< 

1- 

V 

or 

< 

c  ■> 

_i 

<r 

_j 

CD 

o 

cc 

CD      <-> 


^      Ul 
-I      CO 


CC 
O 


D 

DC 


C7> 

c 
'c 

O 


C 

c 
o 

-C 
o 


a> 


CO 
CO 


Q 


U. 


7777777777777777777777777777777777 


12 


z 

'//////////////////////////////////// 

i 

£ 

*           ■    >-                            * 

/ 

/, 

/ 

/ 

/ 

/ 

A 

1                    _c                                             

/ 

6  ^ 

i 

«                   '                    * 

/^ 

/ 

V               1 

/, 

y^   s 

/ 

/            > 
(                                                             /               s 

s          \ 

$ 

/                 \ 

\            \ 

/, 

/                      v 

\              \ 

/ 

/                        v 

1                                     /                   s 

/ 

/                    ^ 

/. 

1                                      /                       *. 

s                          \ 

/, 

/                          •> 

1                                   /                          * 
/                               v 

/                            » 

>s                                                                        \ 

/ 

/                             », 

s                                                            \ 

/ 

/ 

/ 

v 
* 

V 

* 

$ 
', 

x: 

s 

', 

CD 

1                     \          <  ! 

s 

\         "°  ; 

\                              «■ 

\                 k 

s 
s 

'i 

\                    "> 
\                s 
\             » 

N 
s 

j 

\* 

J 

1                                              \    ' 

1 

i 

N 

', 

-J 

•-^^ 

'U 

JZ 

/ 

•X9 

/ 

/ 

> 

► 

/ 
/ 

x: 

/ 

/ 
/ 
/ 
/ 
/ 

',    _J 

77//////////////////////////////// 

/, 

o 

h- 
< 

_l 

ID 

o 

_J 
< 

CO 

o 


Ld 
CJ 


o 


or 
o 


i 
o 
h- 

UJ 

in 


o 


UJ 
Q 


i 
rO 

C9 


13 


'7//W/V/A 


FLOW     IN       ADEH  =  Q  =  VoByo 
FLOW     IN       BCFG  =  q  =  V0by0 


FLOW      IN      ADEH  =  Q  -  V0By0 
FLOW      IN      BCFG  =  q  =  V0by0 


f 


DEFINITION     SKETCH     FOR     THE    DEVELOPMENT    OF 
THE    CONTRACTION     RATIO 


Figure    3-12 


14 


^ 


W/.W  -  "0 


JOpD-j        UOipajJOQ 


FIGURE  3-13   CORRECTION      COEFFICIENT      FOR     THE     CHANNEL 

OPENING      RATIO 


15 


to 

UJ 

cr 

UJ 

o 

L±J 
<S> 


CO 


O 

CO 
UJ 
X 
CJ 

h- 
UJ 

CO 


-■ 

■ 

A,cr 

c 

11 

4-L 

S-— 

» 

O 


H-+: 


Ttr 


16 


UJ 

3 


>- 

< 


L±J 
CL 


o 
en 
h- 
co 

o 
O 


L^J 


< 

X 

O 


o 


o 

LU 


Lu' 


LU 
_J 

Ll 

O 

LT 

CL 

Lj 
O 

LT 

or 
CO 
cr 


o 


e> 


~ 

==^ 

rz~ 

is 

o 

•5 

T3 

O 

d> 

Q 

i 

o 

_! 1 

0 

o 

UJ 

CD 

0 

= 

T 

1— 

o 


o 

z: 
u 

Q 


LU 
(X 
3 
ID 


CO 
co 
Ul 

I 
O 

tr 




CO 

Ll_ 

UJ 

K 

o 

n- 

< 

< 

o 

X 

_i 

<r 

< 

o 

or 

LlJ 

H 

5 

O 

3 

LU 

20 


#  _ 

o 


o 


>5, 

o 
o 


! —      >=; 


CM 

CJ 

II    ' 

O 


■sf- 
en 

eg 

o 


C\J 


^ 
^ 


v>    no 

ii      ii 

Li!     ^ 


CO 


CO 
LlI 


(r 


a: 
< 


o 
%. 
o 


CO 


V                       I                      IV                   1                       ' 

^ 

°\ 

1 

-^ 

,£> 

"^\ 

■> 

1      1 

"-     £§ 

X          uj    •* 
C            a. 

>  UJ  w 

£            (E     < 

C 

>  o   | 

S   en 
O         «    u 

X 

O         "   o 
1—         o    _ 
<           * 

cr 

v 

«\ 

A 

^s© 

4         >v_ 

- 

X^ 

*\ 

0         X 

4 

■4    X. 

s.          *\  * 

\^B 

y 

i 

CD 


21 


■)l 


O   I 


o 

EX  ° 

rO  0 

01 

UJ 

5 

o  o 

o 

_J 
Li 

a  o 

o 

"P  "o 

crco 

t 

CM 

U. 

O 

in 
iii 

_j 

UJ 

Q 

Q 

Z 
UJ 

i 
o 

X 

o 

5 

(- 
< 

o 
or 

<r 

u 

< 
cr'P 

b 

O 

I 

1- 
I 

o 

UJ 

I 

_i 
< 
o 
u_ 

_i  ii 

(i 

H 

3< 

UJ 

7» 

rr 

l/> 

hi 

CE 

< 

<r  q 

cr 

_i 

III 

o 

* 

ID  Z 
O 


A, 


i  1 

1 

t    '    I 

ii 

/III 

/  ii 

f     Ifl    b 
a     oo  ^--^ 

0> 

ID 

\     ii: 

" 

« — .,0  2 

« 

r.St-  — 

r 


v 


CD 

Ll 


o 

1 

IS) 


o 
o 
o 

O 


-41-1 


J.33J    Nl    Hld30 


22 


■s 

2  l~2 

*k  ' 

I  • 

<. 

\ 

|          1          '         ■ 

00     to  *o 

V 

b    dc5 

Nvi          ° 

*"a 

2    2 

?5 

< 

\ 

V\4 

\  * 

- 

*\ 

\  *. 

\  * 

4      N 

* " , 

•   «  \ 

'„ 

V 

-1 

o 

«\  ° 

° 

- 

< 

*\ 

4 

4\ 

N 

i\      o 

B 

\*  o 

- 

fl    *\ 

X 

'       V* 

-■ 

X*3 

x 

o 

4  ^^ 

^                  *s 

°.  i.c 

— 

X     o 

N>                 '       ^«1 

\ 

« 

\                      \ 

4    \^ 

e 

*   SI                       <\o 

m 
a  i 

C 

Jf 

f>."« 

*3e              V 

o 

L 

I 

4< 

X.             \ 

10 

0 

I\» 

♦J           \o 

d 

4         X« 

Q                            4N*                 V) 

[ 

*<^                         &             ^ 

6 

o-OmOOoo 

' 

b 

ooqooooo 

O 

ddoddddd 
•  +  o  *  0  e  H  ® 

o 

- 

1 

s              u> 

T 

cj            0      a         < 

N               Q                ■ 

(0                » 

CN1                       '-■'■:                      CD                         «0                    ♦                     ftJ 

o 

o             o 

O 

o                            n             * 

n             n              <vl 

ci             oj 

, 

o 

o 

n 

1* 

C\J 

1 

S  - 

" 

N 

•  1 

> 

«  2 
a> 

<<! 

_l 

1 

©    1 

LJ 

< 

Q 

s 

* 

10 

10 

"    5 

< 

'i 

* 

1 

* 

< 

> 

o     f 

* 

*«. 

CNJ 

* 

< 

o 

CD 

•              LJ 

« 

1* 

J 

o 

O 

4 

O 

Q 

< 
1, 

S      - 

(VI 

0 

■ 

2 

2! 

•3 

2       - 

GQ 

i» 

»• 

i 

1 

•5      i 

! 

i 

°.£ 

°  uf      [V 

9   lif         X 

N 

• 

M 

-           O 

(D 

± 

•    \ 
6 

l« 

V 

- 

.      "I 



or 

d 

co 

LxJ 

< 

o 

si 

IB 

d 

■  « 



•         < 

°         _i 

1 

"< 

i 

z> 

; 

o 

5  h 

\ 

-    



d 

—      -  - 

*sj 



5         cr 

A 

\ 

V 

O 

V 

CM 
O 

s 

i 
3         1 

. 

^VJ 

1 

LU 

- 

.      c/> 

a 
c 

10 

6 

O 

-a 

o 

(M                o       5 

o               •                 eg                . 
odd 

O 

>  §      • 

4 
c 

c 

3 

23 


o 

d 

2 

1 

\ 

\ 

rs^^ 

n 

CO 

r~- 
O 

S 

i 

\ 

i 

> 

! 

M  =    0.840 

1 
\ 

\  I    1 
\ 
\ 
\\l 

i 

F—        f 

24 


__ 

CO        CO 

o 

M—       M— 

CM 

o     o 

o 

o    o 

in 

d 

—      CJ 

o    o 

6     o 

n 

c 

ii       H 

1       I 

1      J 

CO 

' 

~C3 

~~~Ch*AJl  \ 

1        ■ 

"     _l 

z: 

O     <J 

i        > 
i        i 

ii 

z: 

< 

2 

f    Sr       /    /  i 

^ 

i        i 

vffl 

z: 

— 

*~~ 

j^y*—  -^~jt           a 

67 

i^    /    /   / 

— — 

-   , .   _ 

^  >/i   /   1 

z: 

A\7   / 

UJ 

/  a   / 

0_ 

/    r  \ 

O 

\       f                   / 

'  i 

_J 

/  / 

UJ 

/  / 

Z! 
Z: 

m 

—  —  .^ 

/  / 

< 

*  ~^~~-~    ff 

/    / 

X 

6 

'       / 

U 

/^\     / 

r  / 

m 

o 

in 

o 

IT 

>              o 

in 

<t 

^~ 

ro 

rO 

C\ 

1                         CM 

o 

6 

6 

6 

C 

1                d 

o 

• 

u 

d      ON 

3C 

inoad 

CD 

d 


o 


o 


ro 
O 


O 

o 

c\j 


O 
00 


o 

CD 


o 


o 

CM 


o 
o 


o 


r- 
Z 
LJ 
^ 
CD 
Ul 
CO 

cc 
o 


< 
or 


or 

UI 

< 

CD 


UJ 

X 


Li_ 
O 


r- 
< 

or 
a 

CO 


CD 

u. 


CO 
UJ 

or 
< 
a 

z: 

Z) 

o 

CO 


X 
CD 

=> 

o 
or 


ui 


u_ 


CO 


CO 

ui 

X 

o 
or 
< 


UA/'A      0I1VU      U31V/VWDV8 


25 


FIG     5-2       JACK     DETAIL 


FIG    5-3       TAIL     GATE 


27 


28 


SHV39     W31IW 


ri 


m 


3SIVM.I    HOi      WHO*    JO      SNUni     96 

i  #i3S    xovr 


& 


5 


s 


3SI»H      „2        SOj     DUO*     dOSNUni     96 

Z#13S     xovr 


^ 


3SIVM    „C      80J      WHOM     JO     SNMfii     96 

—   £  #     13S     HDVP  


CO 

cr 
< 

LU 

o 


CO 

< 

Ll. 

o 

UJ 

> 


CL 

m 
m 
O 


£9 


i         i    i    t         i    t  n^     n     i    t         i    i     i         i     i     i         i     i     i         i — i — i — 

^ . . .  - . __ . . -  c 

_ ^^______ . ^ _ c 

JtfJ rfl 

i iii        iii        iii        ii    j i i i i i i i i i h 


(Bhui)    9NIQV3d     H313WONVW 


30 


0.05       0.10      015        0.20      O.zT   0  30      0.35      0.40     0.45      0.50      0.55      0.60       0  65       0 
Fig.5-7  FLOW    RATE;    CU  FT   PER  SEC. 


70       0.75      0.80 


FIG   5-8      TOP      VIEW     OF    INSTRUMENT     CARRIAGE 


FIG    5-9    POINT       GAGE       AND      PRANDTL        TUBE 


32 


OVERHEAD        FLUID       TANK 


1/ 


fe 


VACUUM       PUMP 


J 


TRANSDUCER 


DAMPI 


DIRECTION 
INDICATOR 


TUFT 


PRANDTL      TUBE 


110    V 
A.C. 


CARRIER 
DEMODULATOR 


VOLTMETER 


FIGURE  5-10     VELOCITY         TRANSDUCER         SYSTEM 


33 


FIG     5-11        CALLIBRATION        APPARATUS      FOR     VELOCITY 
TRANSDUCER      SYSTEM 
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FIGURE 5-18  DIMENSIONLESS      VELOCITY      PROFILE 
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Bridge     Number  2A 

Olney  Street   and    Pogue's  Run 

Aerial    Photographs  Numbers     48  (166-167) 

Scale:  one  inch   represents      fifty         feet 

July     1963 

FIG-   9-1-6 

Bridge  Number  2C 

Pogue's     Run   to  Jefferson 

Aerial     photographs    48  (170-1 

Scale:  one  inch  represents  50  feet 
July  1963 


FIG    9-3-6 
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Bridge     Number     8A 
South     Bel  mont        and      Little    Buck   Creek 

Aerial     Photographs    48(157-8) 
Scale:    one  inch  re  presents  50  feet 
July    1963 
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Bridge  Number  15  A 

Pleasant   Run    to    Villa 

Aerial   Photographs  4  8  (172-3) 
Scale:  one  inch  represents    50  feet 


FIG-  9-6-6 
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Bridge    Number     51 


Eost   Jefferson     Street       and        Hurricane         Ci 
Franklin ,        Indiana 
Aerial     Photographs    148(155-156) 
Scale:  One  inch  represents       50     feet 

FIG-9-8-6 
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Bridge  Number  59A 

Pla infield-While  Lick  Creek    and    267 
Aerial   Photographs  48(159-60) 
Scale:  one  inch  represents  50  feet 
FIG    9-9-6  July  1963 
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Bridge    Number  66A 

Deon  Road  to  Howl  on  d  Ditch 
Aeriol  Photographs  145(164-5) 
Scale:   l  inch  represents  50  feet 


July     1963 


FIG-    9-10-6 
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